background: Spontaneous in vitro transition of undifferentiated spermatogonia into the pluripotent cell state has been achieved using neonatal and adult mouse testis tissue. In an effort to establish an analogous source of human patient-specific pluripotent stem cells, several research groups have described the derivation of embryonic stem cell-like cells from primary cultures of human testis. These cells are characterized in all studies as growing in compact colonies, expressing pluripotency-associated markers and possessing multilineage differentiation capabilities in vitro, but only one study claimed their ability to induce teratomas. This controversy initiated a debate about the pluripotent state and origin of human testis-derived ES-like cells (htES-like cells).
Introduction
The active search for multipotent progenitors within different postnatal tissues has resulted in the identification of diverse tissue-specific stem cells, characterized by the ability to self-renew and differentiate toward various cell lineages (Crisan et al., 2008; Kuroda et al., 2010) . Recently it has been shown that pluripotent ES-like stem cells can spontaneously arise in primary cultures of mouse neonatal and adult testis (Kanatsu-Shinohara et al., 2004) . These mouse testisderived stem cells possess features similar to mouse blastocystderived embryonic stem cells (ESCs), such as in vitro differentiation toward three germ layers (including generation of contracting cardiomyocytes, functional neurons and glial cells), teratoma formation, chimera formation and germline transmission (Guan et al., 2006; Kanatsu-Shinohara et al., 2008; Ko et al., 2009) .
These results initiated a search for autologous pluripotent stem cells derived from human testis tissue for application in regenerative medicine. In an effort to establish this new source of stem cells, several independent research groups have indeed described the derivation of embryonic stem cell-like cells from primary cultures of human testis (human testis-derived ES-like cells, htES-like cells) (Conrad et al., 2008; Golestaneh et al., 2009; Kossack et al., 2009; Mizrak et al., 2010) . Despite the application of rather different derivation protocols, in all studies htES-like cells could be detected in primary testicular cultures as cells forming colonies that morphologically resembled those of human ESCs. Being expanded under conditions routinely used for the propagation of human ESCs, these cells express pluripotency-associated markers and have multilineage differentiation abilities in vitro. However, in three out of four published studies these cells failed to form teratomas after injection into immunodeficient mice (Golestaneh et al., 2009; Kossack et al., 2009; Mizrak et al., 2010) . These controversial results provoked a discussion about the pluripotent state of these human testis-derived stem cells. In addition, a recent report suggested that, based on the evaluation of gene-expression profiles, testis-derived progenitors, previously described as pluripotent stem cells (Conrad et al., 2008) , miss some hallmark characteristics of human ESCs and could be of fibroblast (FB) origin (Ko et al., 2010) .
In order to elucidate the stem cell state of htES-like cells obtained in our laboratory according to a previously published protocol (Mizrak et al., 2010) , we investigated the ESC-associated surface markers and gene expression levels and the in vitro and in vivo differentiation abilities of these cells propagated under various culture conditions known to support the propagation of human ESCs, mouse epiblast stem cells and 'naïve' human ESCs. Furthermore, we compared the gene-expression profiles of these propagated htES-like cells with profiles of pluripotent human ESCs, multipotent bone marrow-derived mesenchymal stem cells (MSCs) and FBs.
Materials and Methods

Culture of htES-like cells, MSCs and FBs
HtES-like cells were derived from primary testicular cultures, starting with between 570 00 and 250 000 cells and according to a previously published protocol (Sadri-Ardekani et al., 2009; Mizrak et al., 2010) , from frozen-thawed testis material from three individuals (between 60 and 79 years of age), undergoing bilateral orchidectomy for prostate cancer, with their informed consent. The material used for this research was 'leftover' testis material from clinically conducted orchidectomies and none of the patients had to undergo any intervention specifically for this research. Use of this material for research was allowed by the Dutch Central Committee on Research involving Human Subjects (CCMO). Cell culture media and reagents were purchased from Gibco (Invitrogen, Carlsbad, USA). Chemicals and growth factors were obtained from Sigma-Aldrich (St. Louis, USA) unless specified otherwise; small molecules were obtained from Stemgent (Cambridge, USA). HtES-like colonies that spontaneously arose in these cultures were individually expanded under five distinct culture conditions: (I) on Matrigel (BD Biosciences, San Jose, CA, USA http://www.bdbiosciences.com) coated wells or (II) on mouse embryonic fibroblast (MEF) feeder layers in KO-DMEM medium, 15% FCS, 25 ng/ml bFGF, 2 mM L-glutamine, 1% NEAA, 1% ITS, 0.1 mM b-mercaptoethanol, 1% Penicillin/streptomycin (basic medium), (III) on Matrigel in medium consisting of KO-DMEM, 15% FCS, 2 mM L-glutamine, 1% NEAA, 0.1 mM b-mercaptoethanol, 50 mg/ml ascorbic acid, 200 mg/ml ironsaturated transferrin, 1% Penicillin/streptomycin, supplemented with 1 ng/ml bFGF, 50 ng/ml Activin A (R&D Systems, Minneapolis, USA) and 0.5 mM of the GSK-3-b inhibitor 6-bromoindirubin-3 ′ -oxime (BIO) (Chou et al., 2008) , (IV) on Matrigel in basic medium in the presence of 3 mM of the pharmacological GSK-3-b inhibitor aminopyrimidine CHIR99021 (Chen et al., 2006) or (V) on MEF feeder layers in 2i medium composed of a 1:1 mixture of DMEM/F12 and Neurobasal medium supplemented with 1% N2 supplement, 2% B27 supplement, 1% NEAA, 1 mM L-glutamine, 1% penicillin/streptomycin, 5 mg/ml BSA, 0.1 mM b-mercaptoethanol and containing a combination of MAPK/ ERK (1 mM PD0325901) and GSK-3b (3 mM CHIR99021) inhibitors and 100 U/ml LIF (Hanna et al., 2010) . As the application of small molecule inhibitors required dimethylsulphoxide (DMSO) as a solvent, htES-like colonies propagated in basic ESC culture medium containing equal concentrations of DMSO were used as negative controls (control IV/DMSO). HtES-like cells were passaged using dispase II 2 mg/ml (Roche, Mannheim, Germany), plated at ratios 1:3/1:4 for further propagation and maintained in a 378C humidified incubator at 5% CO2.
MSCs cultures established from bone marrow aspirates of adult donors were kindly provided by Dr Holger Jahr and cultured in accordance with previously described protocols (Hellingman et al., 2010) . Human dermal FB from two different donors were purchased from Lonza (Basel, Switzerland) and propagated according to the manufacturer's protocol. The NCCIT cell line was cultured using a standard protocol (Kooistra et al., 2009) .
Flow cytometry and cell sorting
Flow cytometry was performed using LSR II and FACS Canto II flow cytometers (BD Biosciences) using Diva TM acquisition and analysis software; cell sorting was performed on a BD FACS Aria flow cytometer. The following fluorochrome-conjugated antibodies were used: anti-CD31PE, anti-CD34PE, anti-CD34Cy TM 7, anti-CD34FITC, anti-CD44PE, anti-CD45APC or anti-CD45Cy TM 7, anti-CD49fFITC, anti-CD73PE, anti-CD90APC, anti-CD105FITC, anti-CD106APC, anti-CD117PE, anti-CD200PE, anti-SSEA4PE, anti-TRA-1-60PE, anti-TRA-1-81PE, anti-HLAA,B,CAPC, anti-HLADRAPC (all from BD Pharmingen, San Jose, CA, USA), and anti-CD29FITC (provided by eBioscience, San Diego, USA) and anti-CD133APC (by Miltenyi-Biotec, Bergisch Gladbach, Germany, http://www.miltenybiotec.com). Matched isotype controls were applied to determine background fluorescence levels. Anti-TRA-1-85APC (R&D systems) labeling was applied to discriminate cells of human origin in feeder cultures. 7-AAD (BD Pharmingen) was used to exclude non-viable cells from analysis. The NCCIT cell line was used as a positive control for pluripotency-associated markers SSEA4, TRA-1-60, TRA-1-81 (Choo et al., 2008) .
Gene expression analysis
Polymerase chain reaction Extraction of total RNA was performed using the RNeasy mini-kit (Qiagen, Hilden, Germany) accompanied with on-column DNAse treatment by RNAse-Free DNAse (Qiagen,) or using the MagNa pure LC RNA isolation kit on the MagNAPure LC instrument (Roche). One microgram of total RNA was used as input for reverse transcription with the Superscript II Reverse transcriptase kit (Invitrogen). RNA of human ESC cell lines, HuES-1 and GFP-HES-3, was kindly provided by Prof. Dr C.L. Mummery and Dr R. Passier.
PCRs were performed using gene-specific primer pairs (Supplementary data, Table SI and SII). In control reactions reverse transcriptase was omitted. Quantitative RT -PCR was done using a Roche LC 480 instrument using Universal Probe Library assays (Universal ProbeLibrary Assay Design Center www.roche-applied-science.com) or SYBR Green I Master kit (Roche). Data were normalized using the expression of hypoxanthine phosphoribosyltransferase 1 as a reference; quantitative gene Human testis-derived ES-like cells resemble MSCs expression analysis was performed using the relative expression software tool (REST; www.qiagen.com). The specificity of the assays was confirmed by sequencing the PCR products. In case of POU5F1, the quantitative RT-PCR was performed using a primer pair amplifying sequence within exon 1 specific to the POU5F1 isoform 1 transcript (NM_002701.4), but not to POU5F1 isoform 2 (NM_203289.4). This PCR assay was combined with sequence analysis of the specific polymorphism within exon 1 of POU5F1 and an ApaI restriction digestion of the obtained amplicons in order to distinguish between expression of POU5F1 isoform 1 and transcribed pseudogene sequences (Palumbo et al., 2002; Liedtke et al., 2008; Panagopoulos et al., 2008) .
Gene expression microarray
Total RNA was extracted from: three different htES-like colonies cultured in condition I, II or IV, respectively (all at passage 5), cell aggregates derived from these colonies at different time points during embryoid body culture (4-7-10-14-18 days), biological duplicates of human ESC (HuES-1, GFP-HES-3), bone marrow-derived MSCs (passages 4 and 5) and human dermal FBs (passages 2 and 3). Extraction was performed with the MagNa pure LC RNA isolation kit on the MagNa Pure LC; RNA was converted into cDNA and both Cy3 (test sample) and Cy5 (common reference) were labeled using aminoallyl amplification microarray processing reagents and hybridized to NimbleGen Human Gene Expression microarrays (12 × 135K) (Roche), against a Cy5-labeled common (pooled) reference. The data were processed and analyzed using R statistical software (http://cran.r-project.org/), and visualized using Spotfire. The NimbleGen annotation was used for normalization [robust multi-array average algorithm (Irizarry et al., 2003) ; unreliable data excluded] and data interpretation. Gene-expression profiles were compared by using hierarchical clustering (Euclidian distance, Ward method), and principal component analysis and by visualization using heat maps. Expression of selected genes was validated by RT -PCR. The microarray data files were submitted to the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/), and the following link has been created for review of record GSE27203: http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?token=tvmtnekaaoaoufs&acc=GSE27203.
In vitro differentiation of htES-like cells
Embryoid body formation
To induce embryoid body (EB) formation, several independent htES-like cell clones initially expanded under condition I, II or IV were dissociated using 2 mg/ml Dispase II (Roche). The unfiltered cell suspensions obtained after Dispase II treatment were plated into ultra low attachment dishes (Corning Inc., Lowell, MA, USA) in culture medium DMEM/F12 + GlutaMAX TM supplemented with 15% FBS, 1% NEAA, 0.1 mM b-mercaptoethanol (Tian and Kaufman, 2008; Schraufstatter et al., 2010; Liu et al., 2011) . At time points 4, 7, 10, 14 and 18 days of culture, cell aggregates were collected for morphological or transcriptome analyses.
Trilineage mesodermal differentiation
Adipogenic and osteogenic differentiation of several independent htES-like cell clones initially expanded under condition I, II or IV was induced by monolayer culture in the corresponding differentiation medium according to conventional protocols (Prockop, 1997; Pittenger et al., 1999) . To induce chondrogenic differentiation, htES-like cells were dissociated by 0.25% trypsine/EDTA and 2 × 10 5 cells were centrifuged at 200g for 10 min to obtain cell pellets. Formed cell pellets were cultured in polypropylene tubes in differentiation medium consisting of DMEM, 1.25 mg/ml culture grade BSA, 50 mg/ml ascorbic acid, 1 mM Sodium pyruvate, 1% ITSX, 5.35 mg/ml linolic acid, 100 nM Dexamethasone and 10 ng/ml TGF-b2 (R&D systems; Hellingman et al., 2010). The differentiation medium was refreshed every 2 days with gentle shaking of the formed solid cell pellets in order to easily separate them from the bottom of the tube. In order to evaluate the differentiation state, histochemical stainings and PCR assays were performed. Trilineage differentiation of a human bone marrow-derived MSC line was performed in parallel as a positive control for the differentiation assays. As negative controls, htES-like cells were cultured in a similar medium without the differentiation-inducing agents (Kaltz et al., 2010) .
Immunocytochemistry
Plated htES-like colonies were fixed in 4% paraformaldehyde and incubated with anti-SSEA4 (Millipore, Billerica, MA, USA) in a 1:500 dilution at 48C overnight. Immunocomplexes were visualized with donkey antimouse Alexa488 secondary antibody (Molecular Probes Inc., OR, USA) and 4,6-diamidino-2-phenylindole counterstaining using a LeicaDMRA fluorescence microscope (Leica, Wetzlar, Germany). The NCCIT cell line was used as a positive control and the corresponding isotype IgG was applied as a negative control for the immunostaining.
Histochemical stainings
To assay spontaneous differentiation in EB, cell aggregates were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned and stained with hematoxylin and eosin. Oil red O and Alizarin Red stainings were performed to determine lipid and calcium deposits during induced differentiation assays, respectively. For the evaluation of chondrogenic differentiation, cell pellets were snap frozen and cryosectioned (5 mm).
Cryosections were stained with Alcian blue (pH ¼ 2.5) for the detection of acid mucopolysaccharides, and cell nuclei were counterstained with Nuclear Fast Red.
Teratoma formation assay
Cell suspensions containing 5 × 10 6 cultured htES-like cells propagated at culture conditions I, II, IV at passages 4 -8 from three individuals were resuspended in 200 ml of DMEM/Matrigel (3:1) and injected subcutaneously into the flanks of female NMRI nu/nu mice (n ¼ 28, Charles River, Wilmington, MA, USA; Prokhorova et al., 2009) . Propagated htES-like cell colonies were injected in quadruplicate (two injection sites in two animals per culture condition per patient). For each injected cell line and condition, one animal per condition was sacrificed 5 weeks after injection [in a time frame when human ESC line ES(4) usually successfully form teratomas] (Raya et al., 2008; Mizrak et al., 2010) . Due to a lack of visible teratoma formation by htES-like cells, for the second animal the observation period was extended up to 10 or 15 weeks. In addition, FACS sorted SSEA4-positive cells originating from six colonies propagated under culture condition IV were injected subcutaneously into the flanks of 10 female NMRI nu/nu mice in a concentration of 5 × 10 6 cells per site in a similar way to the unsorted cells. From clones expanded under conditions I and IV, 0.4 -1 × 10 6 cells resuspended in 10 ml DMEM were injected into both testes of male NMRI nu/nu mice (n ¼ 2). Mice were sacrificed 10 weeks after injection. All animal procedures were approved by the animal ethics committee of the Academic Medical Center of the University of Amsterdam. After 5 to 15 weeks, the injected areas were excised, fixed overnight in 4% paraformaldehyde and embedded in paraffin. Paraffin sections (5 mm) were stained with hematoxylin and eosin or used for COT-1 fluorescence in situ hybridization to detect human cells according to a previously described protocol (Sadri-Ardekani et al., 2009) . Mouse tissue of flanks injected with DMEM/Matrigel and human testis tissue were used as negative and positive controls for COT signal, respectively.
Statistical analysis
Statistical analysis of quantitative RT-PCR data and group comparisons was performed using pairwise fixed reallocation randomization test by Relative Expression Software Tool (REST 2008) (Pfaffl et al., 2002) . A value of P , 0.05 was considered as statistically significant. All data are presented as mean + SD. Microarray data from htES-like colonies using condition I, II or IV (passage 5) and EBs derived from these colonies at different time points were analyzed for differential gene expression between any two time points using contrast analysis in a mixed linear model with coefficients for Condition (random) and Time (fixed). For hypothesis testing, a permutation-based empirical BayesF test was used (Cui et al., 2005) and the resulting P-values were corrected for false discoveries (Storey and Tibshirani, 2003) .
Results
Derivation and propagation of htES-like cells
Primary testis cell cultures were initiated from a population consisting of both germ and somatic cells obtained from cryopreserved testis tissue samples of three individuals after serial enzymatic dissociation as described previously (Sadri-Ardekani et al., 2009) . For a period of 30 -50 days during testicular cell culture (passage 4 -6), spontaneous formation of cell colonies with sharp borders, morphologically distinguishable from germline stem cell clusters, was observed (Fig. 1A) . The frequency of htES-like colony formation for the entire period of primary cell culture varied between 10 and 26 colonies per patient. Discrete htES-like colonies were manually harvested and individually expanded using five distinct conditions based on combinations of growth factors and small molecules known to be efficient in the maintenance of an undifferentiated state and self-renewal of several types of human pluripotent stem cells (Thomson et al., 1998; Chen et al., 2006; Hanna et al., 2010) and mouse epiblast stem cells (Chou et al., 2008) . Using culture condition I (bFGF/Matrigel), II (bFGF/ MEF) or IV (bFGF/CHIR99021/Matrigel), htES-like cells could be expanded up to 22 passages. In the group of htES-like colonies propagated under culture condition I, we included two colonies of URO0021 that were characterized in our previous study (Mizrak et al., 2010) . Subculturing of htES-like colonies using culture condition III (bFGF/ActivinA/BIO/Matrigel) resulted in limited expansion with an early onset of senescence at passage 2-3. Culture condition V (LIF/PD0325901/CHIR99021/MEF) did not allow for the expansion of any colonies (Supplementary data, Table SIII ).
Molecular characterization of htES-like cells under different culture conditions
Flow cytometrical analysis for three human ESC surface antigens indicated the absence of TRA-1-60 and TRA-1-81, but expression of SSEA4 on the surface of htES-like cells (Fig. 1B) . Immunofluorescent staining of htES-like colonies revealed that SSEA4 is expressed by cells migrating out of a cell colony (Fig. 1C, Supplementary data, Fig.  S1A and B). The subpopulation of SSEA4 expressing cells varied between 2 and 16% of cells with the highest percentage of SSEA4-positive cells observed using condition IV (SSEA4+/IV). These SSEA4+/IV cells remained SSEA4 positive and TRA-1-60 and TRA-1-81 negative after fluorescence-activated cell sorting (FACS) and subsequent subculturing. Except for the observed differences in (Supplementary data, Fig. S2 ).
Expression levels of the pluripotency-associated genes POU5F1, NANOG, SOX-2, MYC and KLF4 in htES-like cells expanded using culture condition I, II or IV as well as in the SSEA4+/IV subpopulations were analyzed by quantitative RT -PCR. Irrespective of the culture condition used, all htES-like cells showed low levels of POU5F1, NANOG and SOX-2 expression when compared with hESCs, while their expression levels of MYC and KLF4 resembled that of hESCs ( Fig. 2A) . Expression of POU5F1 isoform 1 is considered to be one of the key factors determining the cell pluripotent state, whereas POU5F1 isoform 2 and expressed pseudogenes do not contribute to maintenance of pluripotency and self-renewal capacity (Liedtke et al., 2007; Wang and Dai, 2010) . Of htES-like colonies from all culture conditions, 90% showed detectable levels of POU5F1 isoform 1 (Fig. 2B and C) , of which 40% co-expressed POU5F1 pseudogene transcripts such as POU5F1B (NM_001159542.1) (Kastler et al., 2010) ; these 40% pseudogene-expressing colonies were excluded from further quantitative PCR analysis. Overall, the expression level of POU5F1 isoform 1 in htES-like cells propagated under culture condition I, II or IV was 1000-fold lower compared with human ESCs as measured by quantitative RT -PCR. The SSEA4-enriched cell populations from culture condition IV showed equally low POU5F1 levels indicating the absence of a correlation between the expression of POU5F1 isoform 1 and the expression of SSEA4 in htES-like cells. Remarkably, SSEA4-enriched htES-like cells possessed significantly higher expression levels of CD146 (melanoma cell adhesion molecule, MCAM, Fig. 2D ).
Spontaneous differentiation of htES-like cells in vitro
We evaluated the ability of htES-like cells to spontaneously differentiate in vitro into derivatives of all three germ layers upon EB induction, a feature common to all pluripotent cells including ESCs (Itskovitz-Eldor et al., 2000; Liu et al., 2011) . Although htES-like cells from all tested culture conditions (I, II and IV) were able to form discrete aggregates resembling EBs when cultured in low attachment dishes (Fig. 3A) , none of these aggregates showed morphological signs of spontaneous differentiation toward derivatives of the three germ layers (Fig. 3B) . Subsequent gene expression microarray analysis of these htES-like cell aggregates at 0, 4, 7, 10, 14 and 18 days of culture, also did not reveal any dynamics in the expression of either early or late genes involved in differentiation toward the mesodermal, endodermal or ectodermal lineages (Fig. 3C) . On the other hand, spontaneous differentiation of htES-like cells into adipocytes was frequently observed in adherent cultures during propagation using condition II (bFGF/MEF). Multiple adipocytes could be observed in the outgrowth areas in the periphery of the colony (Supplementary data, Fig. S3 ).
Teratoma formation
htES-like cells propagated using condition I, II or IV, as well as the SSEA4-enriched subpopulations, were assessed for their ability to Human testis-derived ES-like cells resemble MSCs induce teratomas. In a time frame from 5 to 10 weeks after injection, some htES-like cells produced compact formations ( 10 × 5 × 5 mm). Using COT1 in situ hybridization, we could detect human cells in these formations. Yet, we never observed elements of any of the three germ layers, indicating that htES-like cells failed to produce teratomas (Supplementary data, Fig. S4A and B) . 
Gene expression signature of htES-like cells
To elucidate the characteristics of htES-like cells, we compared the whole-genome gene-expression profiles of htES-like colonies expanded using culture condition I, II or IV with those of human blastocyst-derived pluripotent stem cells (i.e. two ESC cell lines, HuES-1 and hES3-GFP) (Passier et al., 2008) , adult bone marrowderived MSCs (Hellingman et al., 2010) and dermal FBs from different donors (Halfon et al., 2010) by microarray analysis. Principal component analysis (Fig. 4A) , and hierarchical clustering (Supplementary data,  Fig. S5 ) demonstrated that htES-like cells from discrete cell colonies cultured in either condition I, II or IV, clustered separately from ESCs and FBs, but close to MSCs. Although differences in expression of individual genes between htES-like cell colonies propagated under culture condition I, II or IV existed, the overall gene-expression profiles were consistent. All analyzed htES-like clones possessed low expression levels of fibroblast-specific genes such as MMP1, MMP3, MMP10, S100A4 and, to a lesser extent, SNAI2 when compared with FBs, while they show expression of several genes described as specific markers for MSCs (i.e. FIBRONECTIN1, NFIB, TM4SF4, SEC13L1, NOTCH3, JAG1) (Etheridge et al., 2004; Wagner et al., 2005; Halfon et al., 2010; Kaltz et al., 2010;  Fig. 4B and C) . The low expression of pluripotency-associated genes POU5F1, NANOG, SOX-2 in htES-like cells in comparison to ESC, as noticed in the RT -PCR analysis, was confirmed in the microarray experiment. In addition, analysis of the expression of germ cell markers by htES-like cells propagated at different culture conditions did not reveal any similarity to the expression profile known for human spermatogonia  Fig. 4C ).
Induced differentiation of htES-like cells in vitro
The surface marker expression profile, the spontaneous differentiation of htES-like cells into adipocytes, and their gene expression signature suggested potential characteristics of htES-like cells as progenitors were, similar to MSC, predisposed for differentiation toward mesodermal lineages. The ability to differentiate toward the three mesodermal lineages (adipo-, osteo-, chondrogenic) is considered to be one of the central hallmarks of MSCs derived from different sources. Consequently, the ability of htES-like cells to differentiate into three mesodermal lineages was tested according to conventional guidelines of human MSC differentiation (Pittenger et al., 1999) . Standard 3-week differentiation assays showed lipid accumulation confirmed by Oil Red O staining (Fig. 5A) and expression of typical adipocyte markers (LIPOPROEINLIPASE, ADIPSIN) (Fig. 5D) indicating the efficient induction of adipogenesis in htES-like cells derived from all three culture conditions. Induction of osteogenesis was confirmed by detection of calcium deposition with Alizarin Red staining for all htES-like colonies initially expanded under culture condition I, II or IV and their SSEA4-enriched subpopulations (Fig. 5B) . Expression of osteoblastspecific transcripts such as RUNX2 and SPP1 (OSTEOPONTIN) could be detected in several htES-like clones prior to differentiation induction, but increased upon application of the osteogenic differentiation protocol (Fig. 5E, Supplementary data, Fig. S6A and B) . HtES-like cells in negative control wells produced extremely dense monolayers of cells and the corresponding staining did not reveal any signs of lipid accumulation or calcium deposition (Fig. 5A and B) . In pellet cultures supplemented with TGF-b2, htES-like cells expanded under all three culture conditions as well as SSEA4+/IV cells formed compact structures containing elements of extracellular matrix (Derfoul et al., 2006; Hellingman et al., 2010) . Sections of cell pellets showed single cells located in lacunae whilst Alcian blue staining demonstrated the presence of acid mucopolysaccharides (Fig. 5C) . Expression of COLLAGEN TYPE XI and AGGRECAN confirmed chondrogenic differentiation of htES-like cells (Fig. 5F ). In the negative controls, cultured htES-like cells failed to form solid Alcian blue positive cell pellets (Fig. 5C ).
Discussion
In this study, we found that htES-like cells are not pluripotent based on the lack of pluripotency-associated cell surface markers, low expression levels of key pluripotency-associated genes and absence of spontaneous differentiation to three germ layers in vitro upon EB formation as well as their inability to induce teratomas. In contrast, their transcription profile as well as their ability to differentiate into three mesodermal lineages indicated that htES-like cells closely resemble MSCs.
We were able to propagate htES-like cells in three out of five tested culture conditions. The fact that culture condition III and V failed to support propagation of htES-like cells suggests that these cells do not share stem cell characteristics with mouse epiblast stem cells (Chou et al., 2008) as well as human 'naïve' ESCs (Hanna et al., 2010) . Irrespective of the three culture conditions successfully used for expansion, htES-like cells derived from several individual donors possessed a similar immunophenotype. Expression of HLAABC (Major histocompatibility complex I) by htES-like cells indicates the absence of germ cells in expanded cell colonies, whereas the lack of CD34 expression distinguishes them from testicular stromal cells (Kuroda et al., 2004) , which are abundantly present in primary testicular cell cultures. The absence of CD34/CD133, markers known to identify endothelial progenitors in different tissues (Peichev et al., 2000) , suggests htES-like cells to be different from this cell population. Generally, the surface antigen expression profile of htES-like cells highly resembles the surface antigen profile of MSCs. This resemblance was further indicated by the fact that SSEA4-enriched subpopulations of htES-like cells expressed elevated levels of CD146 (MCAM), a marker known to identify multipotent progenitors in heterogeneous MSC populations Halfon et al., 2010; Russell et al., 2010) . The SSEA4-enriched cell populations did not show co-expression of other surface markers associated with pluripotency (TRA-1-60, TRA-1-81) and equally low expression levels of POU5F1 and other pluripotency-associated genes. On the other hand, our Human testis-derived ES-like cells resemble MSCs data are consistent with previous reports suggesting that low transcript levels of POU5F1 splice variants and its pseudogenes can be detected in several types of somatic stem cells, but do not determine their stem cell state (Kaltz et al., 2008) .
In this study, we evaluated the expression of pluripotency-associated surface markers by flow cytometry rather than immunohistochemistry as performed previously (Mizrak et al., 2010) . Whereas we previously detected TRA-1-60 and TRA-1-81 positive cells in htES-like cell cultures, we could not detect a clear population of TRA-1-60-and TRA-1-81-expressing cells in our flow cytometry experiments, also not when using cells described in our previous study from URO0021 (Mizrak et al., 2010) propagated under culture condition I (bFGF/Matrigel). This might be due to differences in the techniques used. We were only able to demonstrate a subpopulation of SSEA4-positive cells using flow cytometry. The lack of a prominent population expressing the pluripotency markers TRA-1-60 and TRA-1-81 using flow cytometry indicates a difference in characteristics between our htES-like cells, human testis-derived pluripotent stem cells described by others (Conrad et al., 2008) and human ESCs (Prowse et al., 2009 ). In this study, we also assessed the abilities of htES-like cells to differentiate spontaneously, which is typical for ESCs (Itskovitz-Eldor et al., 2000) . For that we applied the standard EB protocol rather than culture in a differentiation induction medium as previously described (Conrad et al., 2008; Golestaneh et al., 2009; Mizrak et al., 2010) . It is known that in vitro directed differentiation can induce expression of differentiation markers in non-pluripotent cells, for instance, MSCs (Woodbury et al., 2000; Bertani et al., 2005; Wislet-Gendebien et al., 2005; Santos et al., 2010) . In contrast to in vitro directed differentiation, the spontaneous differentiation approach in combination with evaluation of gene-expression profiles at different time points of EB culture used in our current study avoids artificial effects from induced differentiation and clearly reveals the inability of the htES-like cells described here to differentiate spontaneously toward derivatives of the three germ layers.
The notable differences in properties of htES-like cells and human ESCs became further apparent by the comparison of their gene expression signatures. Indeed, recently the pluripotent state of htES-like cells was questioned and investigation of the global gene expression of these cells (Conrad et al., 2008) compared with that of human FBs showed striking similarities (Ko et al., 2010) . Our microarray analysis revealed an expression profile of htES-like cells distinct from FBs, but close to that of MSCs. The similarity of the transcriptome of MSCs and htES-like cells was further identified by comparing the Euclidean distances in the expression of selected genes known to distinguish MSCs from FBs. Furthermore, the close relationship of htES-like cells and MSCs became clear from the trilineage mesodermal in vitro differentiation potential (adipogenesis, osteogenesis and chondrogenesis) of cells propagated using culture condition I, II or IV and the SSEA4-enriched subpopulations. These data correspond to previous reports indicating adipo-and osteogenic differentiation of testisderived cells (Mizrak et al., 2010; Tapia et al., 2011) . This ability of htES-like cells to differentiate toward three mesenchymal lineages (including chondrogenesis in vitro) is known as one of the key characteristics designating uncommitted mesenchymal progenitors (Pittenger et al., 1999) .
While isolation of plastic adherent MSCs from human testis has been previously reported (Gonzalez et al., 2009 ), here we describe solitary colonies with defined MSC characteristics formed spontaneously in primary human testicular cell cultures. Interestingly, although htES-like cells have a similar immunophenotype as the previously described testis-derived MSCs, the subpopulation of SSEA4-expressing htES-like cells possess an immunophenotype different from the described SSEA4-positive subpopulation of primary testis-derived MSCs. Whereas SSEA4-positive cells of primary testisderived MSCs express CD34 and lack CD90 (Gonzalez et al., 2009) , in contrast, the SSEA4-positive htES-like cells derived from primary testicular cell cultures described here are CD90-positive and CD34-negative.
Overall, our findings demonstrate that htES-like cells are not pluripotent but have features closely resembling the stem cell properties of MSCs. In contrast to human, in mouse testicular cell cultures the spontaneous occurrence of spermatogonial stem cell (SSC)-derived pluripotent cells has clearly been demonstrated (Kanatsu-Shinohara et al., 2004; Guan et al., 2006; Ko et al., 2009) . Whether an alternative human primary testicular cell culture system allows the spontaneous reprogramming of human SSCs to ES-like cells remains to be determined. Compared with pluripotent htES-like cells described in other studies (Conrad et al., 2008; Golestaneh et al., 2009; Kossack et al., 2009) where emerging of typical cell colonies was observed in the first weeks of culture, the htES-like cell colonies described here were observed relatively late in a period of 30-50 days of culture. However, it might also be possible that the htES-like cell colonies described in this study have not spontaneously arisen from SSCs present in original testicular cell culture (Sadri-Ardekani et al., 2009; Mizrak et al., 2010) , but in fact were derived from somatic stem cells also existing in this culture system. It is known that germline stem cells are not the only stem cell type in testis tissue. Several studies reported the presence of more stem cell types exhibiting a side population phenotype within testis tissue of rodents (Lo et al., 2004; Shinohara et al., 2011) . It is well established that in human testis several stem cell types can be identified including SSCs (Nagano et al., 2002; He et al., 2009; Sadri-Ardekani et al., 2009; Wu et al., 2009; Sadri-Ardekani et al., 2011) , MSCs (Gonzalez et al., 2009 ) and MSC-like Leydig cell progenitors (Davidoff et al., 2004 (Davidoff et al., , 2009 ). The htES-like cells described in this study show characteristics more close to testis-derived MSCs than to SSCs.
Taken together, the present results suggest that htES-like colonies formed in previously described human testicular cell culture (Sadri-Ardekani et al., 2009; Mizrak et al., 2010) do not possess the pluripotent cell state, indicating that these htES-like cells cannot be considered as a source of patient-specific pluripotent cells for stem cell therapy. The htES-like cells described here share several core features with human MSCs, however, their origin, functional properties and relation to tissue-specific MSCs require further investigation and could provide new insights into the function of testis stroma.
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